ABSTRACT 2-D printed electronics have been the focus of intense research for the past two decades primarily focused on implementing electrical interconnect by dispensing conductive binder-based inks. More recently, traditional printed electronics processes have been leveraged within 3-D printed structures where components and interconnect are introduced during fabrication interruptions. The dielectric performance of 3-D printed materials compares well with traditional printed circuit board (PCB) dielectrics but one remaining challenge is the low conductivity of printed ink traces. The performance degradation is due to curing temperature limits imposed by the properties of the polymer substrates. Thermoplastics, such as ULTEM, can maintain form at over 200 • C, but production ink curing processes require 850 • C to provide an appropriate conductivity. Previous reports have described submerging wires with selective energy within a thermoplastic substrate upon which 3-D printing can continue uninhibited. As copper wires have the same conductivity as PCBs and can be implemented in a wide range of cross-sectional areas, 3-D printed electronics are now in a position to transform the electronics industry. This paper describes an inter-layer process to insert metal connection between layers-allowing for improved routing density and leveraging the geometries brought to bear by 3-D printing. Minimum placement distance between these 3-D printed vias was initially 1.5 mm, and the vias can connect layers separated by as much as 2.8 mm in the vertical build direction (z-axis). As the number of wires layers that can be fabricated is not as limited as traditional board lamination, complex routing can be realized within mass customized, arbitrary shapes.
I. INTRODUCTION
Additive Manufacturing (AM) (more recently referred to as 3D printing) is a form of manufacturing in which a Computer Aided Design (CAD) model is captured and then subsequently fabricated in a layer-by-layer manner -eliminating tooling and enabling complex geometries not possible with traditional manufacturing. Access to a partially-fabricated structure by other manufacturing processes during process interruptions in the 3D printing have led to research in hybrid manufacturing. Hybrid 3D printing is based on integrating complementary processes to fabricate multi-functional structures such as patient specific smart prosthetics, light-weight, volumetrically-efficient satellite components, multi-material structures providing optimization between strength and weight, etc. Of the seven defined ASTM F42 AM processes, material extrusion (Stratasys Fortus production systems, Lulzbot Taz 5, etc.) generally implement build chambers that do not require excessive temperatures, vacuum or powder feedstock and are thus apt for electronics fabrication. This capability has led to substantial focus into increasing the functionality of AM-fabricated structures for a wide range of applications including biomedical devices [1] - [4] , vehicles [5] , sensors [6] - [9] , structural health monitoring [10] , actuation [1] , [11] , [23] ), electromagnetic devices [6] , [12] - [15] and even space propulsion [16] through the introduction of electronic and mechanical components and interconnects; however, most of the efforts have employed binder-based inks serving as conductors which have inherent limitations when the substrate limits the temperature which can be used for curing [17] - [20] .
Publication of multi-functional structures requiring high electrical power transmission due to the application requirements have highlighted the limitations of low temperature conductive inks and the necessity for bulk metal conductors [21] . The introduction of metal wires, foils and meshes within a device provides the performance necessary for these applications and limits undesirable thermal generation for all applications. The integration can be achieved by (1) structurally embedding wires with selective energy -electric current in wire, ultrasonic head, etc. or (2) inserting the wires into 3D printed trenches and either printing over the wires, using adhesives or stapling the wires in place at regular intervals. With high precision robotic processes, these conductive traces can be positioned in the first case with micron-level spacing or pitch, or in the second case, with distances only limited by the conductor diameter and the minimum feature size capability of the printer. In both cases, high performance conductors can be patterned within a layer with routing densities that approach that of state-of-the-art PCB technology.
For any interconnect approach to become truly useful, a second process is required to provide connections between traces on separate layers. Similar to the plated holes and buried/blind vias in printed circuit boards or to metal plug vias in semiconductor fabrication -all providing low resistance and mechanically reliable interconnect vias to enable multiple routing layers. Multi-layered designs result in more complex circuits as routing options between two components are increased -not confined to a single plane but open to paths involving three dimensions. Additional layers are required for circuits that require a crossover, which in multi-layer designs is overcome by dropping one of the traces to a different layer to avoid collision and shorting. As layers are increased, routing congestion is alleviated and significantly more complex interconnect topologies are made possible. The manufacturing flexibility of inks and the relatively short distances of vias suggests that dispensing ink vias is a viable solution but there are remaining challenge with ink plug vias: (1) a slight degradation of conductivity over the entire connection (2) outgassing of fully buried vias that were not entirely cured, (3) shrinkage of the ink when cured, and (4) the reliability of the connection upon thermal cycling, vibrations and over long periods of continued oxidation and aging. This paper describes an automated process of inserting and managing bulk metal vias into intentionally undersized cavities to provide reliable and robust connections between layers -both mechanically and electrically.
II. CLOVEN FOIL VIAS AND INSERTION PROCESS
The Cloven Foil Via approach interrupts multi-process 3D printing after embedding wires at two different layers where the wire embedding is as described in MacDonald and Wicker's paper [22] . A cloven via is then inserted into the top wire layer through an intentionally introduced cavity to a wire at a lower layer. The cloven feature of the wire allows for the foil to straddle both wires and make both an electrical and mechanical connection between the wires at different layers. Fig. 1 shows a general-use case where a black, surface mount electronic 16-pin dual-in-line component is connected to wires on the first layer and that a two-pin electronic ''can'' component (typical of a clock generator) is embedded and connected on a second layer. Two cloven vias are shown that were subsequently inserted to complete the connection between the two wiring layers. The fully exposed via on the right also illustrates the straddling effect that allows for foil to be inserted without damaging either wire and while simultaneously creating a solid electrical connection between the two. In this case, the wires are at two separate depths in the 3D printed structure and share the same X and Y coordinates (i.e. the wires intersect in the top-down view) which is where the via was inserted. The wires in this case are not traversing their associated layers in the same X-Y direction and the normal to the via is rotated between the two wire directionssplitting the difference. 
A. DESIGN PROCESS
The full design methodology of the proposed via connection begins with designing a circuit within a 3D printed structure. When designing the circuit and solid model, a designer determines the layers in which wires will be embedded and identifies the most appropriate location for a via. A cavity for the cloven foil pin is then introduced at the point of intersection of the two wires on the X-Y plane -albeit across different layer depths (Z axis). If the wires are running in parallel in the X-Y plane, the normal of the via should be parallel with the wires. However, often wires on different but adjacent layers are prohibited to run in parallel in order to avoid the generation of coupling capacitance as capacitance accumulates with the length of parallel run. Generally, wires are directed in perpendicular as shown in Fig. 2 vias such as the proposed vias. If the case where wires are running in non-parallel directions, the normal of the via should split the difference of the directions of the wires as shown in Fig. 2 (right). The extreme case for this determination is when wires are running perpendicular and the via would then be at a 45 degree offset. This results in the width of the cleave in the foil to be increased to avoid damage to the via or either wire during the insertion process.
Although all of these design steps were manually completed in the current effort, nothing in the proposed process would preclude CAD automation to enable the automatic routing of wires through multiple layers to order to connect pins from two or more devices automatically. Furthermore, existing PCB place and routing software can be used in this example as layers in 3D printing are essentially the same geometrically as the laminates in traditional electronics. Wire paths and via locations can be taken directly from the output files (DXF and drill files) of the software that creates PCBs. The only additional software support required would be 1) the determination of rotation of each via relative to the two wires that the via would be connecting and 2) the resulting routing would need to be integrated into the mechanical CAD files for final export within a printable structure. All of the proposed activities can be completed with ease using the macro capabilities provided by most CAD programs like SolidWorks or Fusion360.
B. FOIL FABRICATION AND INSERTION PROCESS
To fabricate the circuit, 3D printing is used for the base dielectric substrate and the process is interrupted at varying depths to insert wires and components as described in Espalin's paper [21] . When two wires at different layers need to be connected, printing is paused at the higher layer after the second wire is inserted. A cloven foil via is then inserted straddling the top wire and plunging through the structure to the lower layer wire through an intentional cavity provided by the design and manufacturing freedom of 3D printing. To provide a wire via of the correct width and length and with a sufficiently wide cleave, foil tape is processed as shown in fig. 3 . The fabrication and handling of these complex cuts can be done with automation. One cut determines the width, a second cut determines the cleave and a final cut determines the length of the pin -all dimensions of which would be determined by the distance between the wires in depth and the diameter of the wires to be interconnected.
The cross-sectional area of 3D printed cavity is recommended to be just less than that of the pin to be inserted into the cavity. If the cavity is too small, friction will impede the insertion of the pin into the cavity. However, if the cavity is too large relative to the pin, there is not sufficient pressure on the pin within the cavity to maintain a stationary position and consequently a reliable connection. Movement within the cavity will result in an open circuit and eventual failure of a device. Therefore, for the purposes of this study, printed cavity size was determined as just shy of the pin dimensions size in the width and thickness of the cross section. The pins were selected with as 0.8 mm (thickness of tape) × 4.0 mm (length to be inserted into the cavity) × 1.8 mm (width) based on available foil tape. With these pin dimensions, the cavities were designed to be 0.45 mm (thickness) × 4 mm (length) and 2 mm (width). The gap of the cleaved groove was chosen to be 0.32 mm for compatibility with the selected wire sizes set at 28 gauge (diameter 320 microns). The depth of the groove is determined according to the separation between the wires in the build direction (i.e. the separation of the layers). When the demonstration structure was created, because the wires were embedded at a depth of 1.5 mm and 3 mm respectively, the depth of the groove was set to 3.5 mm -exceeding the difference between the wires as shown in fig 4. The excess of the foil left un-inserted is folded down to provide a pad for additional horizontal connections or a footprint for a component soldering.
III. EXPERIMENTAL EVALUATION
To understand the suitability of the proposed inter-layer interconnection methodology, test structures were fabricated to evaluate both the mechanical and electrical performance of the structure as described in the following sections.
A. ELECTRICAL CHARACTERIZATION
To evaluate the high frequency performance of the via, two almost identical structures were fabricated. One is shown in fig. 6 where a polycarbonate structure was built with an embedded wire and foil to provide a microstrip interconnect with a matched impedance of 50 ohms traversing the structure from left to right. High performance SMA connectors were inserted at both ends to provide clean access to the RF signal. A network analyzer was used to measure two-port metrics of the interconnect. Less than 1 dB of attenuation was seen below 2.5 GHz and no noticeable resonances were identified up to 10 GHz. The value of 2.5 GHz is a conservative upper limit for the performance required by digital electronics on traditional PCBs. 10 GHz represents a reasonable frequency limit for electromagnetic applications such as antennas which typically require operating at frequencies of 2.4 and 5.0 GHzused in commercial wifi and bluetooth devices. Although no vias were included in this analysis, the fact that a microstrip was fabricated and worked at high frequencies without significant attenuation is a testament to the potential of 3D printed structures with embedded wires and foils for use in high performance electronic and electromagnetic devices. Fig. 7 shows the corresponding baseline S parameters measured while evaluating the two-port systems with an Keysight network analyzer E8361A.
A second device was fabricated that was almost identical to the baseline structure but now introducing a single via in the middle of the microstrip structure. The microstrip in this case was run on two different layers and the via connected the two in the middle of the structure. In both cases, a common ground plane ran across the entire structure. The left microstrip was run above the ground plane, the right microstrip was run below the ground plane (both at an equal distance of 3 mm). The via was inserted to connect both microstrips while avoiding shorting the ground plane which left with a open spacing at the point of the via. The structure with a via is shown in fig. 8 and the picture of sample in fig. 9 . Fig. 10 shows the S Parameters which clearly demonstrate some degradation relative to the baseline structure but continue to avoid substantial attenuation below 2.5 GHz. Resonances are seen at 5, 7 and 9 GHz and these are likely a result of the mechanical interface between the two wires and the pressfit connection to the via. The mechanical interface may have VOLUME 5, 2017 resulted in reflections. Furthermore, the via is a deviation from the microstrip transmission line and the simple geometric features introduced may cause resonances. To ease those resonances, it is needed to adjust the microstrip width and the distance between microstrip and vertical via.
As the device works well below 2.5 GHz, these vias are suitable for almost any high performance digital communications that would be expected to traverse 10's of millimeters from one chip or device to another. In applications requiring much higher frequencies such as antennas or RF electromagnetic devices, the resonances captured by the evaluation raise several questions. One technical area that could provide significant advancement for electromagnetics, is the creation of complex multi-layer antennas topologies built within arbitrarily shaped and spatially varying dielectrics. The field of antennas stands to benefit dramatically by 3D printing, however the resonances may need to be accounted for or the conductive interface between wire and via may need to be improved to provide more of a seamless connection to minimize reflections. The focus of future work will be to either mitigate or leverage these frequency responses for higher performance electromagnetic devices such as 3D phased array antennas.
B. MECHANICAL EVALUATION
In conventional PCB manufacturing, a via is connected through a hole which is made conductive by electroplating the surface to connect different layers of the board. When a 3D printer fabricates an electric circuit, plating is difficult to perform as it requires removal of the structure and submergence into a chemical bath. Since a 3D printer can create a complex inner structure, this study proposes to make a cavity for a conductive pin inside the circuit to leverage the manufacturing flexibility brought to bear by additive manufacturing. A pin is inserted into the cavity to electronically connect two different layers and this leads to concerns about the durability as the inhibition of pin motion relies entirely on the design of cavity responsible for securing the pin. In the demonstration example of this paper, depositing material above the pin after inserting the pin into the cavity helps to hold the pin permanently in place.
The second concern is the electrical connectivity between wire and pin. Two variables can affect the connectivity: deviation and skewedness of the wires in the cavity. Ideally, the pin should be inserted in the middle of cavity in parallel to the groove on the pin; however an error can occur during wire deposition on the each layer -influencing the location of the X-Y intersection. Therefore this section experimentally evaluates the mechanical connectivity according to positional and angular deviance.
Theoretically, a deviation from the center of the wire and pin can occur and result in not maintaining a perpendicular position and consequently will stretch the wire -particularly in the case in which a pin is sufficiently rigid to not deform. Therefore excessive deviation may result in a wire being cut and functionally destroyed. Fig. 11 illustrates wire stretches of bias and rotation against the center of pin respectively. The maximum strain of the wire, ε max , for shift displacement, d, is derived as Eq (1) based on the geometry shown at Fig. 11a .
when,
In the equation, W cav is a width of cavity, T pin is a pin thickness and a is the gap size between the cavity and pin. In the other case, the strain of the wire, ε max , for declination θ , can be derived as Eq (2) in the same way as above.
when, 
FIGURE 13. Skewedness adjustable VIA test device (left) and example of inclined wire(right).
In the general case, copper wire is fractured if the strain exceeds 18% according to the strain and stress relationship. Therefore, when the derivation ratio to the width of the cavity is 0.18 mm approximately, the wire may be unintentionally severed. For example, if the width of cavity is 1 mm, then a deviation in excess of 0.1 mm will lead to a severed wire. In reality, tension across the gap is unlikely, so when a wire is stretched by the pin, the wire can easily be detached from the substrate due to inadequate adhesion during embedding. The effective width of the cavity is larger than the width of wire. Additionally, there are other conditions that can result in an unintentional wire cut. As the proposed pins are thin, the wire will receive a shear force on the corner edge of the pin groove. Consequently, the sharpness can reduce the fracture point percentage. On the other hands, as mentioned above, low adhesiveness of wire on the printed surface may reduce the possibility of wire cut because as this may lead to an increase of the effective width of cavity. Therefore, because various conditions influence the wire cut, experimental tests were conducted to understand the wire connectivity trend according to the change of the two variables. Repeated tests were completed using a developed test device which enabled the replacement of a wire and to displace a wire within the cavity. Fig 12 and Fig 13 show the developed test devices and wire mounted position inside.
In the deviation test, the proposed via pin method was investigated according to increasing deviation using deviation adjustable test device shown in Fig 12(a) . The designed cavity size of the test device had been set as 1.9 mm (length) by 0.8 mm (width), but the actual size came out as 1.72 mm by 0.92 mm because of the building resolution of 3D printer and thermal deformation. A 0.32 mm thickness pin was used for via test. The test divided the half-length, from the center to one side of an edge, into eight regions at 0.1 mm intervals with an installed wire in each region repeatedly -ten times for each 0.1 mm gap. After placing a wire into the cavity, the test included inserting a pin into the cavity with a subsequent check of the connectivity. The test was repeated 10 times in each region. A 'Pass' of the connectivity was defined as: (1) electricity must flow through wire and (2) the wire must physically pass into the groove of the pin, and (3) the wire must not be cut by the insertion of the pin. The graph in the fig. 14 shows the test results. Although the copper wire was expected to fracture at the theoretical strain of 18%, the increase of the effective width of the cavity resulted in an unexpected increase in the expansion of strain.
In the experimental test condition in which bare copper wire (28 gage) was embedded into cavities in an ABS substrate, more than 60% of the strain can be sustained before disconnection. Furthermore, to reduce the probability of cutting the copper wire, it is recommended that the edge of the pin be made dull and the width of cavity be a slightly larger than a pin thickness.
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The second test evaluated the wire stretching effect caused by pin rotation against a wire using an adjustable skewedness test fixture as shown in Fig 13(a) . The device enabled skew of 0 to 60 degrees between the wire and pin. The size of cavity was 1.72 mm by 0.92 mm similar to the previous deviation test device and the same pin size was used. The test divided 0 to 60 degrees into 12 regions of 5 degree intervals and installed a wire in each region 10 times repeatedly. When the skewedness was over 45 degrees, the strain reached over 60% and a connection failure occurred similarly to the previous deviation test results. Both tests found that the extended effective cavity width could buffer wire stretching and fracture -thus allowing the wire to endure some bias deviation. However, it is recommended that the width of the cavity be longer and a thinner than the pin for stable and reliable connectivity.
IV. CONCLUSION
The process and electrical and mechanical results published in this work show promising techniques for introducing wires at multiple layers and having these traces interconnected together within additive manufactured structures. Additive manufacturing offers unprecedented levels of structure complexity, mass customization and novel 3D methods for thermal managements to name of few of the standard benefits of 3D printing. However, the next generation of printers that will be much more profound will include the integration of other processes necessary to fabricate multi-functional structures: wings with antennas for high speed communication that simultaneously improve the strength across the span of the wing; high performance electronics with integrated 3D fluid-based thermal management; etc. All of these applications require integrating electronics to provide the signals and intelligence necessary for enabling these transformative products. Multiple layers of electrical interconnect has been demonstrated in this paper which will make possible a slew of dense routing topologies as required by sophisticated electronics, and maybe more importantly, arbitrary and complex conductor configurations that will enable the next generation of antenna. All of these potential devices will be integrated into forms and structures that previously would serve only a single purpose. Consequently, hybrid AM stands to improve volumetric efficiencies, increase functionality density and enable customized and high performance product.
APPENDIX
This appendix presents the process of deriving equations (1) and (2) .
Strain is defined as
In the left diagram of figure 11 , L = W cav and L = ∂L 1 + ∂L 2 + T pin − W cav when the length of stretch on the upper side is set as ∂L 1 and on the lower side as ∂L 2 .
When ∂L 1 = ∂L 2 , the total stretch length reaches maximum.
So, the maximum strain becomes
In the figure,
If Eq A.3 is inserted into Eq A.2, then the final equation is derived as
In the same way, the maximum strain against skewedness can be derived. The length of stretch on a surface at skewedness shown in Fig.11 (right) can be set as d which is same as d in the deviation diagram above. And it is derived as
Even though the direction of stretch is different from the case above, the maximum stretch occurs when the Pin stays in the middle of the cavity and results in same shape as (A.3). When Eq (A.5) is inserted into Eq (A.3), then the maximum skewed strain is derived as 
